Purpose: Visfatin is an adipocytokine involved in cellular metabolism, inflammation, and cancer. This study investigated the roles of extracellular visfatin in breast cancer, and explored underlying mechanisms in clinical and experimental settings.
Introduction
Breast cancer is one of the most common malignancies in women worldwide, with multiple risk factors identified, including differential expression of adipocytokines (1, 2) . Visfatin, also known as nicotinamide phosphoribosyltransferase (NAMPT) or pre-B-cell colony-enhancing factor (PBEF), is a 52 kDa adipocytokine discovered both intracellularly and extracellularly (3) . Intracellular visfatin functions as a rate-limiting enzyme in the biosynthesis of nicotinamide adenine dinucleotide (NAD). When released outside of cells, visfatin exhibits dual roles in enzymelike activity on extracellular NAD formation as well as cytokinelike activity through a putative receptor-mediated pathway (4) . Both intracellular and extracellular visfatin have been shown to be involved in the tumor development (5) .
We previously reported that high intracellular expression of visfatin in breast tumor tissues was associated with poor patient survival (6) . In recent years, the correlation of serum visfatin level with breast cancer behavior has started to emerge from different cohort studies (7) (8) (9) (10) (11) . However, the mechanisms linking biologic functions of extracellular visfatin to its clinical significance in breast cancer remain unknown. In this study, we investigated the potential clinical value of circulating visfatin in breast cancer. In addition, we evaluated the functional roles of extracellular visfatin in breast tumor growth and metastatic capability using both in vitro and in vivo models. The molecular mechanisms underlying these observations were also explored.
Materials and Methods

Patient samples
Two hundred and fifty-eight female patients with pathologically confirmed invasive ductal carcinoma of the breast were included in this study. Sera and breast tumor tissues were collected from surgically treated patients at Kaohsiung Medical University Hospital (KMUH), Taiwan, from 2001 to 2011. After surgery, the patients were administered adjuvant radiotherapy, chemotherapy, or hormone therapy based on the clinical practice guidelines of breast cancer (12) . Hormone therapy was administered to patients whose tumor sections were estrogen receptor (ER) positive. This study was approved by the Institutional Review Board of KMUH, and informed consent was obtained from each patient. Histologic type and grading of the primary tumor were assessed according to the World Health Organization (WHO) classification (13) and the modified Bloom-Richardson grading scheme (14) , respectively, and staging was evaluated according to the American Joint Committee on Cancer (AJCC) TNM staging system (15) . The status of ER, progesterone receptor (PR), and HER2 was determined by immunohistochemical analysis.
Enzyme immunoassay
Serum visfatin levels for breast cancer patients (n ¼ 258) and age-matched normal female participants (n ¼ 100) were measured in duplicate by a human visfatin-specific enzyme immunoassay kit (Phoenix Pharmaceuticals) according to the manufacturer's instructions.
Tissue microarray
Tumor tissue samples of the patients were obtained from formalin-fixed and paraffin-embedded tissue blocks for the construction of tissue microarray by an Alphelys BoostArrayer device (Plaisir) as described previously (6) . Five-micrometer sections from the tissue microarray were obtained using a microtome and immunohistochemically stained for determination of protein expression.
Immunohistochemistry
The procedure of immunohistochemical staining was described previously (6) . The primary antibodies used for immunohistochemistry in this study included the mouse monoclonal anti-ER, anti-PR, and anti-HER2 antibodies from DAKO (Glostrup), rabbit polyclonal anti-phospho-c-Abl (Y393/412) and anti-vimentin antibodies from GeneTex (Irvine), rabbit monoclonal anti-phospho-STAT3 (Y705) antibody from Cell Signaling Technology, and mouse monoclonal anti-cytokeratin 18 antibody from Leica. Images of immunohistochemically stained sections were captured by a Nikon Eclipse E600 microscope. For the scoring of protein expression in breast tumor tissues, the staining of phospho-c-Abl (Y393/ 412) and phospho-STAT3 (Y705) was stratified into quartiles (0, undetectable; 1, low; 2, intermediate; 3, high) on the basis of intensity as described previously (16) . For the analysis of tissues from mice, the staining of phospho-c-Abl (Y393/412), phospho-STAT3 (Y705), cytokeratin 18, and vimentin was scored by the method of histochemical score (H-score), which was calculated as the product of percentage of stained cells and intensity of staining (17) .
Cell culture
Human breast cancer cell lines MDA-MB-231, MCF7, and T-47D were purchased from the Bioresource Collection and Research Center of Taiwan with authentication for genotypes and phenotypes of the cells. All three cell lines were cultured in DMEM (Life Technologies) supplemented with 10% FBS (Biological Industries), 100 U/mL penicillin (Biological Industries), 100 mg/mL streptomycin (Biological Industries), and 2.5 mg/mL amphotericin B (Biological Industries) at 37 C in a humidified 5% CO 2 incubator. The MDA-MB-231 cells stably expressing luciferase (MDA-MB-231-Luc) were kindly provided by Prof. Wen-Chun Hung, National Health Research Institutes, Taiwan.
XTT cell viability assay
Viable cells were determined by the tetrazolium-based XTT colorimetric assay (Sigma-Aldrich) according to the manufacturer's instructions. MDA-MB-231, MCF7, and T-47D cells were treated with different concentrations of visfatin (0-100 ng/mL) for 72 hours before the XTT assay. For experiments involving imatinib (c-Abl inhibitor; ref. 18) and Stattic (STAT3 inhibitor; ref. 19 ), MDA-MB-231 cells were pretreated with imatinib (0 or 10 mmol/L) and Stattic (0 or 1 mmol/L) for 1 hour, followed by visfatin (0-100 ng/mL) treatment for 72 hours.
Immunoblotting
The procedures of protein extraction and immunoblotting were performed as described previously (20) . MDA-MB-231 and MCF7 cells were treated with different concentrations of visfatin (0-100 ng/mL) for 2 hours before the immunoblotting analysis. The primary antibodies used for immunoblotting in this study included the rabbit polyclonal anti-phospho-c-Abl (Y393/412), antic-Abl, anti-STAT3, anti-JAK2 antibodies and rabbit monoclonal anti-phospho-JAK2 (Y1007/1008) antibody from GeneTex,
Translational Relevance
Visfatin is known to have a number of important biologic activities, including nicotinamide adenine dinucleotide (NAD) biosynthesis, cellular metabolism, inflammatory response, and cancer progression. Although previous studies have suggested a role for serum visfatin as a biomarker in breast cancer, the molecular mechanisms linking biologic functions of extracellular visfatin to its clinical significance remain unidentified. In this study, we report that activation of c-Abl and STAT3 is involved in extracellular visfatin-promoted breast cancer via clinical and experimental investigations. Moreover, the results of our in vitro and in vivo studies show that imatinib, a tyrosine kinase inhibitor currently used for clinical treatment of multiple cancers but not for breast cancer yet, inhibits extracellular visfatin-induced malignant behaviors. This further raises a possibility that future design of clinical trials for evaluation of therapeutic interventions, such as that for imatinib, may benefit from stratification of breast cancer patients according to different serum visfatin levels.
rabbit monoclonal anti-phospho-STAT3 (Y705) and anti-HER2 antibodies from Cell Signaling Technology, rabbit polyclonal anti-phospho-STAT3 (S727) antibody from Santa Cruz Biotechnology, and mouse monoclonal anti-b-actin antibody from Sigma-Aldrich. The chemiluminescent signal was captured by ChemiDoc XRSþ System (Bio-Rad Laboratories) and quantified with Image Laboratory software (Bio-Rad Laboratories).
In vitro cell migration and invasion assays
In vitro cell migration was determined using Transwell inserts with 8-mm pores (Corning). MDA-MB-231 cells were pretreated with imatinib (0 or 10 mmol/L) and Stattic (0 or 1 mmol/L) for 1 hour, followed by visfatin (0 or 100 ng/mL) pretreatment for 24 hours. The cells were then trypsinized and resuspended in serum-free DMEM, and added to the Transwell inserts (3 Â 10 4 cells/insert) assembled on a 24-well plate, in which the wells contained DMEM with 10% FBS. After 24 hours of incubation, cells remaining on the upper surface of the membrane inside the inserts were removed with cotton swabs, whereas cells that migrated to the underside of the membrane were stained with 0.5 g/L crystal violet (Sigma-Aldrich). The cells on the underside of the membrane were imaged by an Olympus SZX10 microscope, and quantification of the total area that the cells occupied was processed with the NIS-Elements software (Laboratory Imaging).
In vitro cell invasion was determined using Transwell inserts with 8-mm pores coated with Matrigel (Corning), and the procedure was performed as described previously (21), with the same protocol of cell treatment as described above.
Gelatin zymography
The procedure of gelatin zymography for secreted matrix metalloproteinases-2/9 was described previously (21) . MDA-MB-231 cells were pretreated with imatinib (0 or 10 mmol/L) and Stattic (0 or 1 mmol/L) for 1 hour, followed by visfatin (0 or 100 ng/mL) treatment for 48 hours. The supernatants from each experimental condition were collected for gelatin zymographic analysis.
In vivo cell invasiveness in zebrafish
The experiments using zebrafish in this study were approved by the Institutional Animal Care and Use Committee of Kaohsiung Medical University. Embryos of zebrafish (strain fli1:EGFP from the Taiwan Zebrafish Core Facility; http://tzcf-hdmrc.org/) were generated by natural pairwise mating (22) , and the procedure of xenograft was based on a previous report (23) . In brief, MDA-MB-231 cells pretreated with visfatin (0 or 100 ng/mL) for 24 hours were labeled with fluorescent probe DiI (Life Technologies), and implanted into the perivitelline cavity of 2-day-old zebrafish embryos through microinjection. After confirmation of the localized DiI-labeled cell mass at the injection site, the zebrafish were transferred to fresh water and maintained at 32.5 C for 48 hours, and cell invasion was determined by visualizing dissemination of the DiI-labeled cells from the injection site under a Nikon Eclipse Ti-S microscope.
Soft agar colony formation assay
The procedure of anchorage-independent colony formation in soft agar was described previously (21) . MDA-MB-231 and MCF7 cells grown in the soft agar were treated with visfatin (0-100 ng/mL; three times a week) for 3 weeks.
In vivo orthotopic tumor growth and distant metastasis in mice
Six-week-old female immunodeficient Foxn1 nu /Foxn1 nu mice (nude mice) were obtained from the National Laboratory Animal
Center of Taiwan (http://www.nlac.org.tw/). All of the mice experiments in this study were approved by the Institutional Animal Care and Use Committee of Kaohsiung Medical University. MDA-MB-231 cells (2.5 Â 10 6 cells) resuspended in 100 mL of normal saline were injected into the fourth mammary fat pads of mice. One week after implantation, the mice were randomly divided into two groups (n ¼ 10/group), followed by intraperitoneal administration of visfatin (0.5 mg/kg) or normal saline three times a week. The tumor size was measured weekly and calculated by the formula of (width 2 Â length)/2. After 8 weeks, all mice were sacrificed and the orthotopic tumors were collected for tumor weight measurement and immunohistochemical analysis. The lung tissues were examined for distant metastasis, which was determined by immunohistochemical analysis for the expression of cytokeratin 18 and vimentin, two tumor markers expressed in MDA-MB-231 cells (24) .
In vivo bioluminescent imaging of metastasis in mice
The luciferase-expressing MDA-MB-231 (MDA-MB-231-Luc) cells were pretreated with imatinib (0 or 10 mmol/L) for 1 hour, followed by visfatin (0 or 100 ng/mL) pretreatment for 24 hours before intravenous injection of the cells (1 Â 10 6 cells in 100 mL of normal saline) into the lateral tail vein of nude mice (n ¼ 3-4/group). The mice injected with the cells pretreated with imatinib alone, or the mice injected with the cells pretreated with imatinib followed by visfatin pretreatment, were intraperitoneally administered imatinib (50 mg/kg daily; ref. 25) . On day 7 after tail vein injection of the cells, the mice were analyzed for the presence of bioluminescent signals by Xenogen IVIS Spectrum in vivo imaging system (Caliper Life Sciences). The mice were anesthetized with isofurane (Baxter) using a XGI-8 Gas Anesthesia System (Caliper Life Sciences) followed by intraperitoneal injection of D-luciferin (150 mg/kg; PerkinElmer) for the detection of luciferase expression. The optical images were acquired and analyzed by Xenogen Living Image software (Caliper Life Sciences).
Statistical analysis
All statistical analyses were performed using the SPSS 14.0 statistical package (SPSS). The cutoff point for high and low serum visfatin level was determined by the receiver operating characteristic (ROC) curve. The associations between visfatin levels and clinicopathologic characteristics were analyzed by the c 2 test. Survival curves were generated using the Kaplan-Meier estimates and analyzed by the log-rank test. Univariate and multivariable analyses were performed using the Cox proportional hazards regression models for evaluation of the association between survival and clinicopathologic characteristics. The association between visfatin levels and disease recurrence was analyzed by the Fisher's exact test or the c 2 test. The Student t test was used for comparison between two groups. All results were considered statistically significant if P was less than 0.05 calculated with an appropriate two-sided statistical test.
Results
Clinical association of serum visfatin level with breast cancer progression
The levels of serum visfatin in breast cancer patients (n ¼ 258) and normal female participants as controls (n ¼ 100) were assessed by enzyme immunoassay. As shown in Fig. 1A , the serum visfatin levels were significantly increased in breast cancer patients (P < 0.001). In addition, the serum visfatin normalized for individual body mass index (BMI) was significantly higher in breast cancer patients (P < 0.001), despite that the significantly higher BMI was observed in the patients (P < 0.001; Fig. 1A ).
The association of patient survival with serum visfatin levels and their correlation with ER status were analyzed by KaplanMeier survival curves, for a follow-up period up to 120 months (median ¼ 48 months). The patients with high levels of serum visfatin had significantly poorer disease-free survival Comparison of serum visfatin levels between breast cancer patients and normal participants, and association of serum visfatin levels with patient survival in breast cancer. A, serum visfatin (left) was measured by enzyme immunoassay. BMI (middle) was measured and used for normalization of serum visfatin (serum visfatin/BMI; right ), respectively. The data were presented by box plots, where the lower boundary and top boundary of the box indicated the 25th percentile and 75th percentile, respectively. The line within the box marked the median, and the bars below and above the box indicated the 10th and 90th percentiles. P values were determined by two-sided Student t test. Control indicated normal female participants (n ¼ 100). Breast cancer indicated breast cancer patients (n ¼ 258). B to E, patient survival was analyzed by KaplanMeier curves. The HRs and 95% confidence intervals (CI) were calculated using a Cox regression model. B, disease-free survival was analyzed according to serum visfatin levels in breast cancer patients. C, OS was analyzed according to serum visfatin levels in breast cancer patients. D, disease-free survival was analyzed according to combined serum visfatin levels and ER status in breast cancer patients. E, OS was analyzed according to combined serum visfatin levels and ER status in breast cancer patients. P values were determined by two-sided log-rank test.
(P < 0.001; Fig. 1B ) and overall survival (OS; P < 0.001; Fig.  1C ). We further examined the combined association of serum visfatin levels and ER status with patient survival. The patients with both high serum visfatin and ER-negative (ER À ) status revealed the worst disease-free survival (P < 0.001; Fig. 1D ). Similar results for the combined association of serum visfatin levels and ER status with OS were observed (P ¼ 0.001; Fig. 1E ).
We also analyzed the association of serum visfatin levels with clinicopathologic characteristics in breast cancer patients. High serum visfatin levels were significantly associated with certain clinicopathologic variables, including tumor stage (P ¼ 0.001), BMI (P ¼ 0.023), tumor size (P ¼ 0.001), lymph node (LN) metastasis (P ¼ 0.003), and HER2 status (P ¼ 0.013; Table 1 ). To evaluate the association of clinicopathologic characteristics and serum visfatin levels as independent variables with patient survival, univariate and multivariable Cox regression analyses were employed. In the univariate analysis, tumor size (e.g., P ¼ 0.002 for >5 vs. <2 cm), LN metastasis (P < 0.001), hormone therapy (P ¼ 0.001), and serum visfatin (P ¼ 0.001) were significantly associated with OS (Table 2 ). In the adjusted multivariable analysis, LN metastasis (P ¼ 0.009), hormone therapy (P ¼ 0.017), and serum visfatin (P ¼ 0.020) were significantly associated with OS (Table 2) . Similar results were obtained for diseasefree survival on univariate and multivariable analyses (Supplementary Table S1 ).
We further studied the association of serum visfatin levels with adjuvant therapies for patient survival by Kaplan-Meier curve analysis, and found that differential association only occurred in the hormone therapy (HT) treatment group (P ¼ 0.027; Supplementary Fig. S1F ). Serum visfatin levels had no effect on prognosis of OS in the other treatment groups ( Supplementary Fig. S1A-S1E ). Similar outcomes of the differential association of serum visfatin levels with HT treatment were observed for disease-free survival ( Supplementary Fig. S2 ) and disease recurrence (Supplementary Table S2 ).
Effect of visfatin on breast cancer cell viability and signaling
Next, the biologic effects of visfatin on breast cancer cells were explored both in vitro and in vivo. The assessment of cell viability by XTT assay showed a significant increase of viable cells in breast cancer cells treated with recombinant human visfatin (PeproTech), including MDA-MB-231 (e.g., P < 0.001 for visfatin 100 vs. 0 ng/mL), MCF7 (e.g., P ¼ 0.001 for visfatin 100 vs. 0 ng/mL), T-47D (e.g., P < 0.001 for visfatin 100 vs. 0 ng/mL; Fig. 2A ), and SKBR-3 cells (e.g., P ¼ 0.002 for visfatin 100 vs. 0 ng/mL; Supplementary Fig. S3A ).
Activation of the cellular Abelson tyrosine kinase (c-Abl, also known as ABL1) and signal transducer and activator of transcription 3 (STAT3) may act coordinately on tumor growth and metastasis (26, 27) . However, the roles of c-Abl and STAT3 in extracellular visfatin-mediated breast cancer have not been reported before. We found that treatment of MDA-MB-231 cells with visfatin resulted in increased levels of phosphorylated c-Abl at tyrosine-393/412 (Y393/412) residues (Fig. 2B) . In addition, the levels of phosphorylated STAT3 at tyrosine-705 (Y705) residue and phosphorylated Janus kinase 2 (JAK2), a STAT3 activator (28), at tyrosine-1007/1008 (Y1007/1008) residues were increased in the cells treated with visfatin (Fig. 2B) . Similar results were observed in MCF7 (Fig. 2B ) and SKBR-3 cells (Supplementary Fig. S3B) .
We further investigated the association of phosphorylation levels of c-Abl and STAT3 in breast tumor tissues with serum visfatin levels from patients. The protein expression in tumor tissues was examined by immunohistochemistry and scored into quartiles (0, 1, 2, and 3) as described previously (16) . The high expression group (scores 2 and 3; n ¼ 74) compared with the low expression group (scores 0 and 1; n ¼ 26) of phosphorylated c-Abl at Y393/412 in the tumor tissues was significantly associated with increased serum visfatin levels determined from the corresponding patients (P ¼ 0.002; Fig. 2C) . Furthermore, the high expression group (scores 2 and 3; n ¼ 50) compared with the low expression group (scores 0 and 1; n ¼ 47) of phosphorylated STAT3 at Y705 in the tumor tissues was significantly associated with increased serum visfatin levels from the corresponding patients (P < 0.001; Fig. 2D ).
Although phosphorylation of STAT3 may occur via activation of c-Abl in cells exposed to various cytokines and growth factors (26, 27) , it remains unclear whether visfatin-mediated STAT3 activation relies on c-Abl activity. We observed that the visfatininduced phosphorylation of STAT3 at Y705 was decreased in the presence of imatinib, an inhibitor of c-Abl kinase activity and clinical treatment of multiple cancers (Supplementary Fig.  S3C; refs. 18, 29) . Knockdown of the c-Abl protein expression in breast cancer cells also resulted in reduced levels of phosphorylated STAT3 at Y705 following visfatin treatment (Supplementary Fig. S3D ). To further investigate the roles of c-Abl and STAT3 activation in visfatin-mediated cell viability, MDA-MB-231 cells were treated with visfatin in combination with imatinib and Stattic, an inhibitor of STAT3 (19) . The results of XTT assay indicated that the visfatin-increased cell viability was significantly suppressed in cells pretreated with imatinib or Stattic, or a combination of both (Fig. 2E) .
Effect of visfatin on breast cancer cell migration and invasion
In the in vitro Transwell migration assay, MDA-MB-231 cells showed a significant enhancement of migration after 24 hours of visfatin pretreatment (P < 0.001), and the visfatin-induced cell migration was significantly attenuated in the presence of imatinib (P ¼ 0.002), Stattic (P ¼ 0.005), or combined imatinib and Stattic (P ¼ 0.006; Fig. 3A) . The results of Matrigelcoated Transwell invasion assay indicated that MDA-MB-231 cells pretreated with visfatin for 24 hours had a significantly increased capability of invasion compared with the control cells (P < 0.001), which was reduced in the presence of imatinib (P ¼ 0.025), Stattic (P ¼ 0.016), or combined imatinib and Stattic (P ¼ 0.004; Fig. 3B ).
An important event in tumor metastasis is the degradation of extracellular matrix (ECM) and basement membranes through secreted matrix metalloproteinases (MMP), in particular MMP-2 and MMP-9 (30). We examined the levels of secreted MMP-2 and MMP-9 by gelatin zymography and found that after 48 hours of visfatin treatment, the two MMPs in the supernatant of MDA-MB-231 cells were significantly increased compared with control cells (P < 0.001 for MMP-2; P ¼ 0.001 for MMP-9), and the visfatin-induced MMPs secretions were significantly decreased in the presence of imatinib (P ¼ 0.018 for MMP-2; P ¼ 0.024 for MMP-9; Fig. 3C ). In addition, the visfatin-induced MMPs secretions in the supernatant of MDA-MB-231 cells were significantly reduced in the presence of Stattic (P ¼ 0.002 for visfatin vs. Stattic þ visfatin in MMP-2; P ¼ 0.003 for visfatin vs. Stattic þ visfatin in MMP-9; Fig. 3D ).
We further evaluated whether the in vivo invasiveness of breast cancer cells could be altered by visfatin in a xenograft zebrafish model (23) . As shown in Fig. 3E , MDA-MB-231 cells pretreated with visfatin for 24 hours before microinjection of the cells into the perivitelline cavity of zebrafish showed a significantly increased degree of cell invasion compared with the control cells without visfatin pretreatment (P ¼ 0.035). 
Effect of visfatin on anchorage-independent growth in vitro
The effect of visfatin on in vitro anchorage-independent growth was examined by soft agar colony formation assay. MDA-MB-231 cells treated with visfatin showed significantly increased colony formation compared with the control cells without visfatin treatment (e.g., P ¼ 0.005 for visfatin 100 vs. 0 ng/mL; Fig. 4A ). Although less capable of forming anchorage-independent growth than MDA-MB-231 cells (31) , MCF7 cells treated with visfatin also showed significantly increased colony formation compared with the control cells without visfatin treatment (P ¼ 0.002 for visfatin 100 vs. 0 ng/mL; Fig. 4A ).
Anoikis, a specific form of cell death induced by cell detachment from ECM, is one of the mechanisms for avoiding metastatic colonization via prevention of anchorage-independent growth of cancer cells (32) . We found that MDA-MB-231 cells treated with Supplementary Fig. S4A ).
Effect of visfatin on tumor growth and metastasis in mice
To further confirm the association of visfatin with tumor formation and metastasis in vivo, we used an orthotopic xenograft model in nude mice, in which MDA-MB-231 cells were injected into the mammary fat pads of female mice, followed by intraperitoneal administration of visfatin (0.5 mg/kg) or normal saline as vehicle control three times a week. As shown in Fig. 4B , the mice administered with visfatin showed a significant increase in orthotopic tumor growth compared with the control mice (P ¼ 0.042 for tumor volume at week 8). All mice were sacrificed after 8 weeks of treatment, and the weight of orthotopic tumors from the mice administered with visfatin was found to be significantly higher than those from the control mice (P ¼ 0.003; Fig. 4C ).
The phosphorylated levels of c-Abl and STAT3 in the orthotopic tumors were examined after the mice were sacrificed. Immunohistochemical analysis revealed that the expression of phosphorylated c-Abl at Y393/412 in the orthotopic tumors from visfatin-treated mice was significantly higher than that from the control mice (P ¼ 0.002; Fig. 4D ). There was also a significant increase of phosphorylated STAT3 at Y705 in the orthotopic tumors from the visfatin-treated mice compared with the control mice (P ¼ 0.011; Fig. 4E ). We further investigated for the occurrence of distant lung metastasis by immunohistochemical analysis. Two tumor marker proteins expressed in MDA-MB-231 cells, cytokeratin 18 (CK18) and vimentin (24) , were significantly increased in the lung tissues of mice treated with visfatin compared with those from the control mice (P < 0.001 for CK18; P ¼ 0.009 for vimentin; Fig.  4F and G, respectively) . The body weight of the mice during the course of treatment was not significantly different in each group ( Supplementary Fig. S5A ), neither were the levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine for liver and renal functions of the mice (Supplementary Fig. S5B ).
The role of c-Abl activation in visfatin-mediated metastasis was further studied by in vivo bioluminescent imaging using the intravenous tail vein injection model in nude mice. The cell viability of luciferase-expressing MDA-MB-231 (MDA-MB-231-Luc) cells was not significantly different in each group before the tail vein injection (Supplementary Fig. S4B ). After 7 days post-injection, the mice injected with the visfatin-pretreated MDA-MB-231-Luc cells revealed a significantly higher bioluminescent signal in lung tissues than the mice injected with control MDA-MB-231-Luc cells (P ¼ 0.048), whereas the mice injected with the cells pretreated with imatinib followed by visfatin pretreatment had a significantly reduced bioluminescent signal in lung tissues (P ¼ 0.046; Fig. 4H ).
Discussion
Serum visfatin as a biomarker for clinical evaluation in breast cancer
Serum visfatin has previously been shown to be associated with breast cancer progression (7) (8) (9) (10) (11) ). Yet, its prognostic value remains insufficiently assessed, except for Li and colleagues (10) who reported that high serum visfatin level was associated with poorer survival of breast cancer patients. Although a similarly unfavorable outcome for the survival of the patients with high level of serum visfatin was observed in the present study, our data further analyzed important clinical factors that have not been previously elucidated. For instance, we reported that the patients with both high serum visfatin level and ER-negative status had the worst survival compared with the other groups of patients. Moreover, the ER-negative patients with high serum visfatin level without receiving hormone therapy (HT À ) had a poorer survival and more recurrent incidence than the ER-positive patients with high serum visfatin level receiving hormone therapy (HT þ ), whereas there was no significant difference between HT À and HT þ treatment groups of the patients with low serum visfatin.
Together, the data suggest that different serum visfatin levels may have clinical relevance as a prognostic tool in breast cancer. Although the mechanisms underlying the relationship between serum visfatin levels and the patient response to hormone therapy are not clear at now, we propose that it may be linked through an indirect regulation in adipocytes, whose ER activation can lead to upregulation of visfatin expression (33, 34) . As adipocytes have been known the major source to release visfatin (35, 36) , the patients with anti-ER treatment may cause the reduction of visfatin release from adipocytes into circulation, which in turn alleviates accumulation of serum visfatin that may promote breast cancer progression. However, more experiments will be required to examine this hypothesis. In this study, the level of serum visfatin in breast cancer patients (40.87 AE 13.86 ng/mL) was observed to be higher than normal female participants (32.20 AE 17.42 ng/mL). Analysis of clinicopathologic parameters in our study revealed that high level of serum visfatin (cutoff at 33.75 ng/mL) was associated with tumor stage, BMI, tumor size, LN metastasis, and HER2 status (Table 1) . Among these clinicopathologic parameters, tumor stage, and LN metastasis were commonly found to be associated with higher serum visfatin level in this study and others (7, 9, 11) , suggesting a potentially unfavorable role of serum visfatin in breast cancer. It was noted that in our clinicopathologic analyses, status of HER2 protein expression in breast tumor tissues was positively correlated with serum visfatin level in patients. We further analyzed the (Continued.) C, secretion of MMP-2 and MMP-9 in MDA-MB-231 cells pretreated with imatinib (0 or 10 mmol/L) for 1 hour followed by visfatin (0 or 100 ng/mL) treatment for 48 hours was assessed by gelatin zymographic analysis; n ¼ 3. D, secretion of MMP-2 and MMP-9 in MDA-MB-231 cells pretreated with Stattic (0 or 1 mmol/L) for 1 hour followed by visfatin (0 or 100 ng/mL) treatment for 48 hours was assessed by gelatin zymographic analysis; n ¼ 3. The data were presented as mean AE SD; Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001; two-sided Student t test. E, in vivo invasive ability of MDA-MB-231 cells pretreated with visfatin (0 or 100 ng/mL) for 24 hours was assessed in xenograft zebrafish model. MDA-MB-231-Luc Figure 4 . Effect of visfatin on breast tumor growth and metastasis. A, in vitro anchorage-independent growth of MDA-MB-231 and MCF7 cells treated with visfatin (0, 50, and 100 ng/mL) was determined by soft agar colony formation assay after 3 weeks in culture; n ¼ 3; scale bar, 200 mm. B, in vivo breast tumor growth was assessed by the orthotopic xenograft model in nude mice injected with MDA-MB-231 cells to the 4th mammary fat pads. The mice were intraperitoneally administered visfatin (0.5 mg/kg) or normal saline as control three times a week (n ¼ 10/ group). Tumor volumes were measured weekly and calculated with the formula of (width 2 Â length)/2 for 8 weeks. C, after 8 weeks as described in B, all mice were sacrificed and the orthotopic tumors were collected for tumor weight measurement. The inset showed five representative orthotopic tumors for each group dissected from the mice; scale bar, 10 mm. D to G, after sacrifice of the mice, the orthotopic tumors were collected for protein expression of phospho-c-Abl (D) and phospho-STAT3 (E), and the lung tissues were collected for metastatic assessment for protein expression of cytokeratin 18 (CK18; F) and vimentin (G) by immunohistochemical analysis with H-score; scale bar, 100 mm. H, in vivo metastasis of luciferase-expressing MDA-MB-231 (MDA-MB-231-Luc) cells pretreated with imatinib (0 or 10 mmol/L) for 1 hour followed by imatinib (0 or 10 mmol/L) combined visfatin (0 or 100 ng/mL) pretreatment for 24 hours was intravenously injected into nude mice via the lateral tail vein (n ¼ 3-4 per group). The mice containing MDA-MB-231-Luc cells pretreated with imatinib alone, or with imatinib followed by visfatin pretreatment, were intraperitoneally injected with imatinib (50 mg/kg daily). After 7 days of tail vein injection, the mice were anesthetized and intraperitoneally injected with Dluciferin (150 mg/kg) for detection of bioluminescence by IVIS Spectrum in vivo imaging system. The data were presented as mean AE SD; Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001; two-sided Student t test.
clinical data with classification of molecular subtypes in breast cancer (i.e., luminal A, luminal B, HER2, and triple-negative; ref. 37) , and the results consistently suggested that HER2 expression might be associated with high serum visfatin (P ¼ 0.018 for luminal A vs. luminal B; Supplementary Fig. S6A ). We also examined the effect of visfatin on HER2 expression in cultured breast cancer cells, and found that visfatin treatment resulted in an increased level of HER2 protein expression by immunoblotting (Supplementary Fig. S6B ). Database searching through the use of Ingenuity Pathway Analysis (IPA; QIAGEN) revealed that JAK2, STAT3, NF-kB, IL6, and TGFb formed a potential regulatory network between visfatin and HER2 in several cell types (Supplementary Fig. S6C ). As none of these molecules were identified in breast cancer cells, it will be worthwhile to evaluate the cellular signaling, including that if any of these molecules may have a role, in visfatin-mediated HER2 expression in breast cancer cells.
Characterization of the biologic effect of visfatin on breast cancer cells
Our in vitro data showed that extracellular visfatin promoted breast cancer cell proliferation, migration, invasion, and MMP2/9 secretion. In addition, our in vivo data using zebrafish and nude mice as xenograft models further confirmed the promoting effect of extracellular visfatin on breast tumor growth and metastasis. Notably, we provided the first evidence for the involvement of c-Abl and STAT3, two important oncoproteins (38) (39) (40) , in extracellular visfatin-promoted breast cancer. Although the intracellular reactive oxygen species (ROS) was reportedly to be upregulated by visfatin stimulation in some cell types (41-43), it was not detectable in our current treatment with visfatin in breast cancer cells ( Supplementary Fig. S3E and S3F ). Other mechanisms reported in extracellular visfatin-mediated breast cancer growth and metastatic potential included cyclin D1 and cdk2 (44) , NF-kB and Notch1 (45) , or PI3K/Akt and TGFb (46) . As the identity of "visfatin receptor" is not known to date, it limits our understanding for the molecular mechanisms of extracellular visfatin. Nevertheless, our current results raised a possibility that the putative receptor for visfatin could belong to the receptor family that transduces signals via c-Abl and STAT3, such as EGF, plateletderived growth factor (PDGF), insulin receptor, or insulin-like growth factor (IGF) receptors (Supplementary Fig. S6D ; refs. 26, 38, 39, 47) . Whether there is a direct interaction between c-Abl and the putative receptor activated by visfatin, or a direct interaction between c-Abl and STAT3 after visfatin stimulation, remains to be determined.
Stratifying patients according to serum visfatin levels for potential targeted adjuvant therapy
Previous clinical trials have shown no clinical benefit from imatinib in breast cancer patients (48, 49) . However, this may be due to a selection issue, as patients have been comprehensively included without stratifying those that may benefit most from imatinib treatment. Until now, there has been no clinical marker that may allow such stratification. Our animal studies showed that the lung metastasis of breast cancer cells pretreated with visfatin via tail vein xenograft in nude mice was largely suppressed by imatinib. Equally as important, there was no significant effect on metastasis with imatinib treatment in the group without exposure to visfatin, further providing a strong argument for stratification of treatment with imatinib according to extracellular levels of visfatin. The potential clinical importance of a targeted anti-metastatic agent in breast cancer patients, using an already widely available but unused drug in breast cancer, cannot be underestimated. We would suggest that future clinical trials on the efficacy of imatinib may stratify patients according to visfatin levels and select those with pre-metastatic, high serum visfatin breast cancer. In addition, this may advantageously offer alternative therapeutic options in the triple-negative breast cancer patients.
Study limitations
There are a few limitations to this study, including the lack of a standard definition of high or low serum visfatin level and size and geographic localization of study population. Therefore, care must be taken in interpreting clinical analyses from this study and others. In addition, although we showed the effects of extracellular visfatin on breast cancer cells in both in vitro and in vivo experiments that mainly used MDA-MB-231 cells for metastasis and animal studies, it may not fully represent heterogeneous human breast cancer behaviors in clinical settings. It should also be noted that imatinib is known to be a tyrosine kinase inhibitor for c-Abl, c-Kit, PDGFR, and DDR (50).
Conclusions
In conclusion, our clinical data suggested that high level of serum visfatin was associated with malignant breast cancer behavior, and the level of serum visfatin could offer a means for prognosis in breast cancer. Moreover, the results of our in vitro and in vivo experiments revealed that extracellular visfatin promoted breast cancer cell growth and metastatic ability via activation of c-Abl and STAT3. There are several key implications resulting from this study. First, stratification of breast cancer patients by serum visfatin levels may help identify patients that would benefit from inhibition of downstream effectors of visfatin signaling. Second, categorization of the patients according to the ER status may provide information for risk assessment of the survival of patients with different levels of serum visfatin. Third, our study is the first to suggest that the use of imatinib may have therapeutic potential in the treatment of breast cancer for the group of patients with higher levels of serum visfatin.
Further studies, including discovery of the receptor for visfatin, development of specific inhibitors for extracellular visfatin, and clinical trials stratifying patients for treatment according to different serum visfatin levels, will be potentially important to the future design of targeted therapies in consideration of different serum visfatin levels in breast cancer.
